Evidence from an experiment involving interspecific hybrids of Melilotus suggested that several genes causing isolating barriers, such as hybrid breakdown and non-crossability, are located on rearranged segments. In general, reproductive barriers were controlled by complementary or duplicate genes. The fixation of such genes within a population is possibly promoted when they are linked with the breakage points of rearrangements.
INTRODUCTION
THERE are two hypotheses proposed for the functional role of rearranged segments between species though our knowledge about the genic contents on rearranged chromosomes is quite limited. The first is that the chromosomal rearrangenerits or sterility due to heterozygosity for translocation and inversion of small chromosomal segments are inherited independently of the morphological and physiological differences between the parental species (Stebbins, 1950) . The second is that rearranged segments normally contain genes affecting growth and vigour and/or genes determining morphological differences between the parental species (Grant, 1956 (Grant, , 1966 (Grant, , 1967 . It is not easy to resolve the discrepancy because hybrid sterility or distorted segregation frequently observed in the interspecific crosses makes the result obscure.
Supporting the latter hypothesis, three lines of evidence were obtained from the present experiment on Melilotus which suggested that several genes causing isolating barriers are located on the interchanged segments, and as a result, simultaneous fixation of different factors for isolating mechanisms might promote speciation reducing substitutional genetic load.
All Melilotus species (sweetciover) have the same chromosome number and are diploid (2n = 16) (Smith and Gorz, 1965) . Reproductive barriers such as crossing barriers and hybrid inviability have been reported from interspecific cross experiments (Greenshields, 1954; Smith, 1954) . In addition, M. alba differs from the three species, M. officinalis, M. polonica and M. suaveolens by a reciprocal translocation (interchange), while the latter three species have the same chromosomal constitution and no disturbance in chromosomal pairing at meiosis was detected in their F1 hybrids (Sano and Kita, 1975) . Among these four species, hybrid sterility observed in F1 and F2 generations was mainly caused by interchange. Accordingly, it was possible to carry out a standard factorial analysis. The effects of both genic and chromosomal segregations are reported in the present paper and the evolutionary significance of genic differentiation on rearranged segments is discussed.
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MATERIALS AND METHODS
Eight strains belonging to four species of the genus Melilotus, M. alba, M. officinalis, M. polonica and M. suaveolens, were used in the study. The seeds were available through the courtesy of H. J. Gorz (U.S.A.) and G. A. Stevenson (Canada) .
Meiotic configurations at diakinesis and first metaphase were analysed to determine whether the plant was homozygous or heterozygous for interchange. In the F3 of M. qfficinalis x M. alba, the decision whether or not a plant is homozygous for interchange could be made on the basis of pollen fertility since in the F2 and B1F2 of the cross, pollen infertility was mainly caused by interchange. In the other cases, chromosomal pairing was examined in each of the plants. 3 . RESULTS (i) Chiorosis gene F1 plants between M. alba and M. suaveolens were heterozygous for an interchange (Sano and Kita, 1975) . Although the F1 was normally green in leaf colour, chlorotic segregants occurred in the F2 population with a frequency of about 1/8, due to the segregation of two sets of duplicate genes, chl1 and chl2 for lethal type and chw1 and chw2 for weak type (Sano and Kita, 1978) . As double recessive genotypes are considered to be chiorotic, each of the lethal and weak types has a frequency of 1/16 in F3. The chl2 and chw2 genes which are carried by M. suaveolens were linked with a recombination value of about 13 per cent. The backcross data of M. alba Arctic x (M. alba Arctic x M. suaveolens 18-4) were reanalysed to detect linkage relationships between the breakage point and chl2 or cliw2. For simplicity, oniy a case of lethality is illustrated in fig. 1 . In this case, chl2 is linked with the breakage point but c/il1 is independent. The frequency of chlorotic segregants is 1/4 or 1/16 in segregating lines of B1F2. Taking chromosomal segregation into account, four types of segregation (a, b, c and d in fig. 1 ) are expected to occur. Then, the recombination value (p) between the breakage point and c/il2 can be obtained by P = where n is total number of lines observed.
In fact, the genotype of M. alba was c/il1 chw1 + 2 + 2 and that of M. suavelolens was +1+1 chl2 chw2. The ratio of fixed normal to segregating lines (a + d b + c) for the lethal type, 12 11, and that for the weak type, 13 : 10, both gave a good fit to the expected 1 : I ratio ( quadrivalent or a trivalent at diakinesis or first metaphase in the PMCs, which showed that they were heterozygous for the interchange, while the number of homozygotes was 28 and the remaining three were aneuploid.
An observed ratio of heterozygotes v. homozygotes for interchange was significantly distorted from the expected ratio of 1 1 (x2 = 84520, P<0•00l, d.f. = I).
To investigate how interchange homozygotes were eliminated, correlation coefficients were computed between the frequency of heterozygotes in F3 lines, F2 pollen fertility, F2 seed fertility and mortality due to chiorosis in F3 lines. As shown in fig. 2 , the frequent occurrence of heterozygotes was positively correlated with mortality due to chlorosis (r = for interchange tends to be the expected ratio of 1 : 1. Chlorosis in this case may also be controlled by many sets of duplicate or complementary recessive genes since F1 and B1 plants were always viable here as well as in the cross of M. alba and M. suaveolens. Several genes causing hybrid breakdown seem to be linked with the breakage point of interchange, which could also bring about elimination of homozygotes.
(ii) Crossability gene
The third line of evidence that genes causing isolating barriers are located on rearranged segments was obtained from the three-species cross of M. polonica x (M. alba x M. suaveolens). M. alba was crossable with both M. polonica and M. suaveolens though the latter two species could not be crossed when a strain of M. polonica, 3446, was used. The cross-fertility of M. alba x M. suaveolens was 23 per cent; that of M. polonica x M. alba was 28 per cent. When M. polonica was pollinated with the pollen of the albasuaveolens F1 hybrid, the cross-fertility was reduced to about a half of the above values (about 13 per cent), and strongly shrunken seeds were obtained in approximately the same proportion (53 : 64). A I : 1 ratio of normal v. shrunken seeds suggests that crossability is controlled by a few major and complementary dominant genes.
In addition, the three-species cross is expected to give a ratio of one heterozygote to one homozygote for interchange unless both types of chromosomal constitution are eliminated through abortion of the young embryo, since both of them segregated in a 1 : I ratio in pollen of M. alba x M. suaveolens F1 (table 1) . The number of interchange homozygotes was, however, observed to be significantly less than that of heterozygotes (table 2) . As M. polonica has the same chromosomal constitution as M. suaveolens, this means that chromosomes of M. suaveolens tend to be eliminated. Then, the genes determining crossability between M. polonica and M. suaveolens appear to be located on interchanged segments. M. suaveolens has two dominant genes, Bp (black pod) and Ms (mottled seed), but the other species have neither. Each of them appeared to be independent of the breakage point from the result of backcrosses between M. alba and M. suciveolens. In the three-species cross, segregation for each of them showed a ratio of 1 :
as expected.
Discussion
There have been many discussions of the significant roles that isolating barriers and chromosomal changes play in speciation (Stebbins, 1950; Dobzhansky, 1951) . When such variations exist within a population, they reduce the fitness of the population due to the occurrence of lethal and infertile individuals. Then, substitutional genetic load (Haldane, 1957) would be greater if such alteration takes place in speciation. The fact that among species much genic and chromosomal differentiation prevail might suggest the existence of mechanisms reducing genetic load.
On the other hand, it has been suggested that chromosomal polymorphisms are preserved in a population because of the adaptive superiority of the heterozygotes, this compensating for the sterility (Cleland, 1962; Bailey et al., 1976) . This heterotic effect was explained by the heterozygous combinations of gene complexes located on the chromosomes involved in rearrangements. This explanation has a serious problem when such rearrangements with heterotic effects have to be fixed within a population, following differentiation in chromosomal constitution-both homozygotes to be fixed have selective disadvantages relative to the heterozygotes.
In general, reproductive barriers are controlled by complementary or duplicate genes (Sachs, 1953; Oka, 1957 Oka, , 1974 Tsunewaki and Kihara, 1962; Moore, 1966; Chu and Oka, 1972; Takahashi etal., 1976) . It has been suggested by Dobzhansky (1951) that one of the complementary genes could be selectively neutral and the most effective isolating mechanism could be produced through complementary action of genes. As shown in this paper, the fixation of certain combinations of them in each species gives rise to effective isolating barriers. Their fixation within a population is possibly promoted when such genes are linked with the breakage point of rearrangements. Linkage relations between genes for reproductive isolation and rearranged segments might offer an internal mechanism reducing substitutional genetic load and allowing a rapid speciation because deleterious factors tend to be selected against simultaneously. Further, the existence of such genes on rearranged segments might suggest reorganisation of genic contents on the segments at an early stage of speciation.
